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We have introduced a targeted mutation in SH2D1A/DSHP/SAP,
the gene responsible for the human genetic disorder X-linked
lymphoproliferative disease (XLP). SLAM-associated protein (SAP)-
deficient mice had normal lymphocyte development, but on chal-
lenge with infectious agents, recapitulated features of XLP. Infec-
tion of SAP~ mice with lymphocyte choriomeningitis virus (LCMV)
or Toxoplasma gondii was associated with increased T cell activa-
tion and IFN-y production, as well as a reduction of Ig-secreting
cells. Anti-CD3-stimulated splenocytes from uninfected SAP~ mice
produced increased IFN-y and decreased IL-4, findings supported
by decreased serum IgE levels in vivo. The Th1 skewing of these
animals suggests that cytokine misregulation may contribute to
phenotypes associated with mutation of SH2D1A/SAP.

-linked lymphoproliferative disease (XLP) is a genetic disorder

characterized by immune dysregulation and lymphoprolifera-
tion on exposure to Epstein—-Barr virus (EBV) (1, 2). EBV, which
infects B cells, causes infectious mononucleosis and a marked
proliferation of CD8* cytotoxic T lymphocytes (CTL). In XLP,
patients have an uncontrolled expansion of CD8" cells that fails to
effectively eliminate EBV-infected cells. The consequent infiltra-
tion and destruction of the liver and bone marrow leads to mortality
early in life in over half of reported cases (2). Patients surviving
infectious mononucleosis have variable clinical pictures postinfec-
tion and usually develop immune abnormalities, including lympho-
proliferative states and dysgammaglobulinemia (3). Asymptomatic
female carriers show random X-inactivation, suggesting that normal
cells can rescue the phenotype and that cellular interactions may be
an important component of the disease (4).

In 1998, three groups simultaneously identified the gene for
XLP through both positional (5, 6) and functional cloning (7).
The XLP gene-product, SH2D1A/DSHP/SAP (SLAM-
associated protein, hereafter referred to as SAP), is a 128-
residue protein that consists almost entirely of a single Src
homology 2 (SH2) protein interaction domain. Over 25 muta-
tions have been identified, and include missense, nonsense,
frameshift, and splice-site mutations, as well as entire gene
deletions, suggesting that the phenotype can be caused by a loss
of function. At present, there is no correlation between clinical
presentation and the type or position of mutation (3).

The SH2 domain of SAP binds a conserved tyrosine-
containing motif found in the intracellular domains of CD2
family members CD150/SLAM, CD244/2B4, and CD84 (7-9).
Although little is known about CD84, signaling lymphocytic
activation molecule (SLAM) is a self-ligand expressed on both
B and T cells that functions as a costimulatory molecule and is
thought to be important for B-T cell interactions (10, 11). 2B4
is an activating receptor expressed on natural killer (NK) and
cytotoxic T cells (12). Because SAP is expressed primarily in T
and NK cells, both SLAM and 2B4 are attractive candidates for
receptors involved in the pathogenesis of XLP. In vitro data have
demonstrated that SAP competes for binding to phosphoty-
rosine motifs in SLAM and 2B4 with SHP1, SHP2, and SHIP,
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phosphatases that negatively regulate antigen receptor signaling
(7, 8, 13). Evidence suggests that 2B4 signaling may be impaired
in NK cells from XLP patients (14-17). In addition, a recent
report indicates that SAP can also associate with the intracellular
signaling intermediate, p62Dok (18), although the implications
for Dok function are unclear. Thus, the consequences of loss of
SAP on signaling from these receptors are not well understood.

Studies of SLAM also raise the possibility that cytokines may
play a role in XLP pathogenesis. Stimulation of human T helper
clones via SLAM increases activation and production of IFN-y
irrespective of their T helper phenotype (19). Similarly, ligation
of SLAM on murine Thl clones results in increased IFN-y
production (20). However, the contribution of cytokine regula-
tion to the pathogenesis of XLP remains unclear.

Because XLP is rare, there are few preinfection studies and their
findings are quite variable. Nonetheless, the existence of pheno-
types before apparent EBV infection raises the possibility of a more
basic immune dysfunction, independent of viral infection (21-23).
To develop a model that may present insights into the pathogenesis
of this disease, we mutated the XLP locus in mice. SAP-mutant
mice were viable, fertile, and transmitted the gene in Mendelian
fashion. However, challenge with the infectious agents Toxoplasma
gondii and lymphocyte choriomeningitis virus (LCMV) revealed
abnormal immune responses and evidence of T cell hyperactivation
with increased IFN-y production, decreased B cell function, and, in
a model of chronic infection, increased morbidity and mortality.
Furthermore, splenocytes cultured from uninfected mice also ex-
hibited a bias toward production of Thl cytokines. The initial
characterization of these mice reveals a phenotype with character-
istics of XLP and suggests that cytokine misregulation may con-
tribute to the phenotype of this genetic disease.

Materials and Methods

Antibodies. Anti-SAP C-terminal serum was raised against pep-
tidle GRGPQAPTGRRDSDI in rabbit. Anti-SAP N-terminal
and anti-goat Ig HRP were obtained from Santa Cruz Biotech-
nology; anti-mouse CD3e, CD4, CDS8, TCR, CD19, IFN-v, Fc
Block, and DX5 were obtained from Becton Dickinson/
PharMingen; anti-green fluorescent protein (GFP), anti-mouse
Ig HRP, and anti-rabbit Ig horseradish peroxidase (HRP) were
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obtained from Roche Molecular Biochemicals; anti-mouse Ig
isotype HRP was obtained from Zymed; anti-IL-4 was obtained
from BioSource International (Camarillo, CA); anti-tubulin was
obtained from ICN; anti-CD28 was a gift from J. Powell and R.
Schwartz (National Institute of Allergy and Infectious Disease);
and anti-SLAM was a gift from A. O’Garra (DNAX).

Expression Plasmids. pSX-Lck and pCEFL were gifts from J. S.
Gutkind (National Institute of Dental Research, Bethesda); pEBG-
SLAM and pEBG-CD84 are described in ref. 9. Full-length
SH2DI1A/SAP was generated by PCR from a mouse embryo
day-15.5 Gene-Trapper library (using a 3’ primer that mutated the
stop codon to encode a Thr), sequenced, and subcloned into
pEGFP-N1 (CLONTECH). Truncated SAP-GFP was generated
by PCR (incorporating the T68I mutation in the 3’ primer),
sequenced, and ligated into pCEFL followed by a GFP variant (24).

Generation of Mutant Mice. The targeting construct was derived
from a 129Sv/Ev Lambda phage library (Stratagene) screened with
EST Image Clone 719479 (Research Genetics, Huntsville, AL).
The 5’ arm of the construct was generated by PCR using a 3" primer
to incorporate the T68I mutation (atgtactCtagatgctatctggaa).
Genomic DNA arms and a variant of GFP (24) were inserted
sequentially into pPNT (25), and introduced into TC1 ES cells.
Homologous recombinants were screened by Southern blots of
genomic DNA digested with Xbal and probed sequentially with a
3’ flanking probe and GFP. Correct targeting was verified by Kpnl
digestion and a 5" internal probe. Chimeric mice were bred to either
129Sv/Ev/Tac or C57BL/6 mice. Northern blots of total thymic
RNA (25 pg) were probed with full-length SH2D1A4 /SAP and GFP.

Glutathione S-Transferase (GST) Pulldown Assays. 293T cells were
transfected by Caz(PO4), with 5 ug of each plasmid, harvested,
and lysed in GST Lysis buffer (25 mM Hepes, pH 7.0, 100 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol plus
protease inhibitors, 1 mM NaF, and 1 mM Na orthovanadate).
A portion of lysates were analyzed for protein expression and the
rest for precipitation of GST chimeras and associated proteins
with 10 ul glutathione Sepharose beads. Beads were washed four
times in lysis buffer before Western analysis (9).

Western Analysis. Cells or glutathione agarose pellets were boiled
in SDS/PAGE reducing sample buffer, resolved by SDS/PAGE,
transferred to nitrocellulose and probed with appropriate pri-
mary and secondary antibodies (anti-SAP-C-terminal 1:500 with
anti-rabbit Ig HRP 1:10,000; anti-SAP-N-terminal, 0.4 pg/ml
with anti-Goat Ig HRP 1:2,000; anti-GFP 0.4 pg/ml with anti-
mouse Ig HRP 1:10,000; anti-tubulin 1:5,000 with anti-rabbit Ig
HRP), followed by enhanced chemiluminescence (ECL, Amer-
sham Pharmacia).

Cell Culture, Proliferation, and Flow Cytometry. Thymi, lymph
nodes, and spleens from age matched mice were teased in RPMI
medium 1640 plus 10% FBS (HyClone) and splenic red blood
cells lysed in NH3ClL. T or CD4™ cells were purified by negative
selection columns (R & D Systems). Splenocytes (5 X 10° per 96
well) were stimulated with antibodies or surface toxo antigen
(STAg) and pulsed for 8 h with [*H]thymidine (1 nCi per well;
1 Ci = 37 GBq) 24-72 h after stimulation. Alternatively, 5 X 10*
purified T cells per well were stimulated by using plate-bound
antibodies. Proliferations were performed in triplicate. For flow
cytometry, 10° cells were stained as described (26), data col-
lected on a Becton Dickinson FacScan or FacsCalibur and
analyzed with FLOJO (TreeStar Software, San Carlos, CA).

Cytokine and Ig Assays. Cell culture supernatants were harvested
at 24 h (IL-2), 48 h (IL-4), or 72 h (IFN-vy) and cytokines
determined by ELISA (R & D Systems or Cytokine Core
Laboratory, University of Maryland, Baltimore). Alternatively,
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splenocytes from uninfected mice were stimulated 24 to 48 h
with anti-CD3 (1 ug/ml) plus anti-CD28 (1:5,000), incubated
with Brefeldin A for 3 h, and stained for intracellular cytokines
(27). Serum Ig levels and anti-STAg Ig isotypes were determined
by ELISA (Anilytics, Gaithersburg, MD; ref. 28).

In Vitro Polarization. Purified CD4" or sorted naive CD4*62L"
cells from wild-type (WT) and SAP™ mice were stimulated with
anti-CD3 and anti-CD28 plus irradiated T-depleted WT or IL-4
deficient splenocytes under Th1 (IL-12 plus anti-I1L-4), Th2 (IL-4
plus anti-IL-12), or null (anti-IL-4, anti-IL-12, plus anti-IFN-y)
conditions (29). Cells were restimulated with anti-CD3 and
CD28 and cell culture supernatants were analyzed at 48 h for
IL-4 and 72 h for IFN-v.

T. gondii Infections. Mice were injected i.p. with 20 7. gondii cysts
(MEA49 strain) and serum, spleens, and brains were harvested at
31 days postinfection (pi) for analysis (28).

LCMV Infections. Mice (4—5 months old) were infected with LCMV
Armstrong strain [2 X 103 plaque-forming units (pfu) i.p.] or Clone
13 (2-5 X 10° pfu i.v.) and killed for analyses at 8, 30, or 37 days pi
(26). Cytotoxic activity of splenocytes was tested in a standard 6 h
[>'Cr] release assay by using LCMV-infected MC57 cells as targets.
Splenocytes were stained with LCMV-specific tetramers as de-
scribed (26). For intracellular cytokines, splenocytes (10° cells per
96 flat-bottom well) from LCMYV infected animals were stimulated
in the presence of Brefeldin A for 5 h in the presence or absence
of LCMV-specific peptides and stained as above. Total and LCM V-
specific antibody-secreting cells (ASC) were quantitated by the
ELISPOT technique using nitrocellulose-bottomed 96-well plates
(Millipore) coated with virus (30).

Results

Generation and Characterization of Mice Deficient in SAP. To intro-
duce a mutation in the mouse XLP locus, we engineered a construct
based on a splice-site mutation that truncated SH2D1A4/SAP at the
beginning of the third exon, fusing GFP in frame to follow
expression of the mutant protein. However, because GFP could
theoretically stabilize the protein, we incorporated an additional
XLP patient mutation, T68I, that disrupts SAP binding to SLAM
(Fig. 14; refs. 1 and 5). To confirm that this mutation impairs
binding properties of SAP, expression constructs for the truncated
SAP-GFP and a full-length SAP-GFP chimera were generated and
coexpressed in 293T cells with GST fusions to the intracellular
domains of either SLAM or CD84. The full-length SAP fusion
bound both GST chimeras, whereas the truncated SAP fusion
showed barely detectable binding to CD84, even after Lck phos-
phorylation, which increases SAP binding affinity (ref. 9; Fig. 1B).
Binding to SLAM was also severely compromised (data not shown),
suggesting that the predicted mutant protein was functionally
impaired. The mutation was introduced into mouse embryonic
stem cells (Fig. 1C), and chimeric mice were obtained that trans-
mitted the mutation to their progeny. However, Northern analysis
of thymus RNA from mutant mice demonstrated only a trace (2%
of WT) of a slowly migrating mRNA species reactive with both
SH2D1A/SAP and GFP probes (Fig. 1D and data not shown),
suggesting that this mutation destabilized the mRNA. A lack of
SAP protein was confirmed by Western analyses with antibodies
reactive against either the N or C terminus of SAP, or against GFP
(Fig. 1E and data not shown). Thus, although the GFP tag could
not be used to follow cell fates, this mutant appeared to eliminate
expression of functional protein.

Mice deficient in SAP were born in normal numbers, were
viable and fertile, and showed no overt phenotypes. Lymphocyte
populations were also grossly normal, although occasional mu-
tant animals showed a higher percentage of T and NK cells and
a lower percentage of B cells in the spleen (2 of 21 animals,
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Fig. 1. Generation of mice deficient in SAP. (A) Targeting construct and
corresponding gene structure are shown with Xbal and Kpnl restriction frag-
ments and probes used to distinguish WT and targeted alleles. (B) The mutant
form of SAP shows decreased binding to the intracellular domain of CD84.
Full-length and truncated forms of SAP were fused to GFP and coexpressed in
293T cells with GST, or GST fused to the intracellular domain CD84 without or with
coexpression of the tyrosine kinase, Lck. Glutathione agarose beads were used to
extract GST fusions and associated proteins from cell lysates. Cell lysates (Lower)
and adsorbed proteins were immunoblotted with an anti-GFP antibody to de-
termine the relative abundance of SAP proteins. (C) Southern analysis of ES cell
clone DNA by using a 3’ probe following Xbal digestion, and a 5’ probe following
Kpnl digestion to confirm targeting. Two clones were positive for recombination.
(D) Northern analysis of total thymic RNA from WT and SAP~ mice, hybridized to
a full-length SH2D1A/SAP cDNA probe. Equivalent loadings were confirmed by
rehybridization to L32. (E) Analyses of SAP in total thymocyte protein. 1.5 X 108
cell equivalents per lane were blotted sequentially with anti-SAP N terminus and
anti-tubulin. (F) Splenic lymphocyte populations show grossly normal profiles of
T, B, and NK cells. (Upper) T cell (TCR™ DX5) and NK cell (TCR~ DX5") proportions.
(Lower) Percentages of B cells (CD197) cells.

ranging from 8 to 18 weeks age; Fig. 1F). Additionally, thymo-
cyte populations also appeared grossly normal (data not shown).
Thus, as expected from the phenotype of XLP, SAP is not
required for lymphocyte development.

SAP-Deficient Mice Show Altered Responses to LCMV. Patients with
XLP often manifest symptoms only after infection with EBV.
Because mice are not susceptible to this virus, we examined
responses to LCMV, a virus that elicits certain responses similar
to those seen with EBV, including a large CD8* CTL response
(26). Wild-type and mutant mice were infected with two strains
of LCMV, the Armstrong strain, which causes acute infection,
and Clone 13, a more virulent strain that can establish a chronic
infection. On infection with either strain, SAP-deficient mice
demonstrated clear differences in their immune responses.
First, both WT and SAP™ mice cleared the LCMV Armstrong
infection within 1 week [<50 plaque-forming units (pfu) per ml in
serum]. However, SAP™ mice showed evidence of increased T cell
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responses (Fig. 2 and Tables 1-3, which are published as supple-
mental data on the PNAS web site, www.pnas.org). At 8 days pi,
CTL activity directed against LCMV-pulsed target cells was sig-
nificantly elevated in spleens of SAP~ mice (Fig. 24). This result
was seen in two independent experiments comparing a total of six
SAP™ mice to four WT mice and correlated with an increase in the
numbers of activated (CD44%) CD8" cells that reacted with
LCMV-specific tetramers in the spleens of infected SAP™ mice
(Fig. 2B). Furthermore, SAP~ mice exhibited elevated percentages
of CD8* splenic T cells expressing IFN-y or TNF-a when stimu-
lated with LCMV-specific peptides as determined by intracellular
cytokine staining (Fig. 2C and data not shown), confirming that
these LCMV-specific CD8™ cells were functional. Percentages of
CD4™ positive cells that expressed IFN-y or IL-2 on stimulation
with an LCM V-specific peptide were also elevated 2-3-fold com-
pared with WT, and the amount of IFN-y produced per cell was
also greater [mean fluorescent intensity 728 (+45) for SAP~ and
493 (*12.8) for WT; Fig. 2D). Furthermore, elevated T cell
responses were still seen 30 days pi (Tables 2 and 3).

In contrast, ASCs were reduced in SAP~ mice after infection
with LCMV. The numbers of both total and LCMV-specific ASCs,
determined by ELISPOT, were decreased in the spleens of mutant
relative to WT mice, both on days 8 and 30 pi (Fig. 2E and data not
shown). Notably, the number of total and LCMV-specific ASCs
observed in the bone marrow on day 30 pi, a reflection of the
number of plasma cells generated, was markedly suppressed (less
than 5% WT levels for bone marrow LCMV-specific ASCs; Fig.
2F). In contrast, neither splenic B cell numbers nor sIgG levels were
markedly reduced. Together, these data suggest marked abnormal-
ities in immune responses to LCMV in SAP~ animals.

To further explore responses to LCMV, we challenged mice with
the more virulent Clone 13 strain, which causes a more dissemi-
nated infection and can establish chronic infections in adult mice
(31). In addition, Clone 13 infection is often characterized by
considerable T cell-mediated immunopathology during the first few
weeks. In two separate experiments (n = 3 in Experiment 1 andn =
6 in Experiment 2), SAP~ mice infected with Clone 13 exhibited
increased morbidity (ruffled fur, hunched posture, and lethargy)
compared with WT mice. In the second experiment, using a higher
dose of Clone 13 [5 X 10° plaque-forming units (pfu)], one SAP~
mouse died on day 8 and the remaining five mice were very ill.
Three of these were killed on day 8 to analyze antiviral T cell
responses and the two remaining SAP™ mice died the next day. In
contrast, only 1/6 of the WT mice died. Analysis of T cell responses
showed that Clone 13-infected SAP~ mice also had higher numbers
of LCMYV reactive CD8" T cells compared with WT mice (Fig. 2G).
Thus, under conditions of a chronic viral infection, SAP~ mice may
be more susceptible to LCMV-induced morbidity, perhaps because
of their increased T cell responses.

Altered Responses to T. gondii. To determine whether changes in
immune responses are limited to viral infection, we infected SAP~
mice with 7. gondii. Control of this intracellular parasite depends on
production of IFN-vy, both by NK cells initially and then, as the
adaptive immune response develops, by T lymphocytes (28). SAP-
deficient mice survived the initial stages of the infection and, like
WT mice, successfully established chronic infection. Significantly,
however, splenocytes harvested from SAP~ mice on day 31 pi
showed elevated T cell proliferative responses (Fig. 34) with
increased secretion of IFN-vy after stimulation with either anti-
CD3e¢ or soluble Toxoplasma antigen (STAg), despite normal T cell
numbers (Fig. 3B and data not shown). Furthermore, SAP™ mice
exhibited lower titers of multiple Ig isotypes directed against STAg
(Fig. 3C). Together, these data provide evidence for more gener-
alized immune dysfunction in these mice.

Altered T Cell Responses in Uninfected SAP~ Mice. To determine
whether altered T cell responses occur before challenge with
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Fig.2. Alteredresponsesto LCMV in SAP~ mice. (A-F) Mice were infected with LCMV Armstrong strain. WT, open bars; SAP, filled bars. (A) Elevated CTL activity
against LCMV infected targets in SAP~ mice 8 days pi. A lytic unit (LU) is defined as the number of lymphocytes required for a specific lysis of 35%. Means and
standard error (SEM) for three SAP~ and two WT mice are shown. (B) Elevated antigen-specific and activated CD8" T splenocytes. (Upper) Splenocytes from
animals on day 8 pi stained for CD8 and anti-CD44. (Lower) Numbers of antigen-specific CD8* cells as determined by MHC Class | tetramers (D’Gp33 or D°Np396)
and total activated (CD44") CD8" cells per spleen (means of three SAP~ and two WT mice +=SEM). Similar results were obtained in a second independent
experiment (see supplemental data). (C) Splenocytes were unstimulated (0) or stimulated with LCMV-specific peptides (Gp33-41 or Np396-404) and the
percentage of CD8* IFN-y producing cells was determined by intracellular cytokine staining. (D) Increased IFN-y production by SAP~ CD4 T cells. Splenocytes from
WT and SAP~ animals on day 8 pi with LCMV-Armstrong were stimulated with the class Il A-b restricted peptide Gp61 and IFN-y production was measured by
intracellularstaining. An average increase in Gp61-specific CD4 cells was 2-3-fold in two independent experiments using three SAP~ mice each. The average mean
fluorescent intensity for IFN-y was 728 for SAP~ (+45 SEM) and 493 (+12.8) for WT. (E) Spleens were harvested from uninfected mice (U) or mice infected with
Armstrong strain LCMV at day 8 pi and the number of total IgG (Left) or LCMV-specific IgG (Right) ASCs were determined by ELISPOT. The graph compares the
ASCs per million splenocytes from two independent experiments (1 and 2) examining a total of four WT and six SAP™ mice (WT mean converted to 100%). WT,
open bars; SAP, filled bars; *, below detection. (F) LCMV-specific ASCs in bone marrow cells from uninfected and Armstrong strain-infected mice 30-37 days pi.

(G) Increased CD8* T cells reactive with LCMV-specific tetramer DPGp33 after chronic infection with LCMV Clone 13 strain.

pathogens, we examined T cell function from uninfected mice.
Consistent with our findings postinfection, anti-CD3e stimula-
tion of splenocytes from SAP~ mice resulted in mild elevations
in T cell proliferation, although this increase was less robust and
more variable than seen postinfection with 7. gondii (Fig. 44 and
data not shown).
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Fig. 3. SAP-deficient mice show elevated T cell proliferation and IFN-y

production following infection with T. gondii. WT (open bars and circles) and
SAP~ mice (filled bars and circles) were infected with T. gondii cysts and at day
31 splenocytes were stimulated with anti-CD3e or 10 ug/ml STAg. Prolifera-
tion (A) and production of IFN-y (B) of splenocytes were assessed at 48 h of
culture. The mean * SEM of cultures from five individual mice for each
genotype are shown. (C) Serum Ig directed against STAg 30 days pi.
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Interestingly, when purified T cells were stimulated with
platebound antibodies (Fig. 4B), T cells from mutant mice
proliferated less well, unlike the splenocyte cultures (Fig. 44).
This observation suggests that the increased response to anti-
CD3¢ stimulation was not intrinsic to the mutant T cells, but may
be secondary to cellular interactions in the total splenocyte
cultures. Furthermore, proliferation of purified SAP~ T cells
was not increased by SLAM ligation, suggesting that these cells
fail to respond appropriately to this receptor (Fig. 4B).

Nonetheless, cytokines assayed from culture supernatants of
CD3-stimulated splenocytes indicated that cells from SAP~ mice
were biased toward increased production of the Th1 cytokines IL-2
and IFN-vy (Fig. 4C). Intracellular cytokine staining of anti-CD3-
stimulated splenocytes from uninfected mice demonstrated in-
creased percentages of both CD4" and CD8* T cells producing
IFN-v (Fig. 4D). Furthermore, a decrease in the Th2 cytokine, IL-4,
correlated inversely with the increase in IFN-vy produced by SAP~
cells (Fig. 4C). To rule out the possibility that mutant T cells were
biased toward a Thl phenotype because they were unable to
respond to Th2 cytokines, purified naive CD4™ cells were stimu-
lated under polarizing conditions in which IL-12 and anti-IL-4 were
included to induce Thl differentiation or IL-4 and anti-IL-12 to
induce Th2 differentiation. The mutant cells responded equally well
to both Th1 and Th2 polarizing conditions, producing IFN-y and
IL-4, respectively, on restimulation (Fig. 4E), suggesting that SAP~
cells do not exhibit defective cytokine responsiveness.

Finally, to examine whether SAP~ mice show evidence of in
vivo cytokine alteration, we examined patterns of serum immu-
noglobulins (Igs). In contrast to their pi phenotype, uninfected
SAP~ mice had normal levels of serum IgM, IgG, and IgA.
Significantly, however, we observed lower levels of the IL-4-
dependent Ig class, IgE, in the SAP™ mice, providing an in vivo
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culture. (B) Purified T cells were unstimulated or stimulated with platebound 1 ug/ml anti-CD3e plus 10 ng/ml nonimmune IgG or anti-mouse SLAM. Proliferation was
assessed at 72 h. Means and SEM of triplicate samples are shown. (C) Supernatants from splenocyte cultures stimulated with anti-CD3e were assayed for IL-2 at 24 h,
IFN-vy at 48 h, and IL-4 at 72 h by ELISA. (D) Splenocytes stimulated with 3 ug/ml anti-CD3e plus 1:5,000 anti-CD28 for 24 h were stained for surface CD4 and CD8 and
intracellular IFN-vy. (E) Purified naive CD4" splenocytes from WT and SAP~ mice were stimulated with anti-CD3 and anti-CD28 plus irradiated T-depleted splenocytes
under Th1 (IL-12 plus anti-IL-4), Th2 (IL-4 plus anti-IL-12) or nonpolarizing conditions. Cells were restimulated with anti-CD3 and CD28 and supernatants assayed at 48 h

for IL-4 and 72 h for IFN-y. (F) Serum IgE levels from uninfected mice. WT, open circles; SAP~, filled circles. Horizontal bars indicate means for each genotype.

corroboration of the cytokine findings from cultured T cells (Fig.
4F). Thus, SAP-deficient mice show evidence of a Th1 bias and
immune dysregulation even in the absence of infection.

Discussion

XLP is a complex disorder characterized by alterations in multiple
compartments of the immune system. Although usually triggered by
EBYV, immune dysfunction, including recurrent infections, hypo-
gammaglobulinemia, and lymphoproliferative disorders may also
be seen in the absence of evidence of EBV infection, suggesting a
more basic level of immune dysregulation (2).

The phenotype of mice with a mutant XLP locus supports a
model for impaired function and altered homeostasis of multiple
components of the immune system. Like XLP patients, before
infection SAP™ mice have grossly normal lymphocyte profiles,
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indicating that SAP is not critical for lymphocyte development.
However, after infection with LCMV, SAP~ mice recapitulate
several aspects of XLP, including higher numbers of activated T
cells, decreased ASC, and in a chronic infection, increased
morbidity and mortality. The reduction in ASC, particularly
those directed against LCMV in the bone marrow 30 days pi, is
perhaps one of the most striking findings and strongly reminis-
cent of the hypogammaglobulinemias associated with XLP.
Additionally, the increase in CTL activity and IFN-y secreting
cells suggests deregulation of multiple arms of the immune
system, including both T and B cells. This abnormal response is
not limited to viral infection, because exposure to 7. gondii
results in elevated T cell proliferation, increased IFN-+y produc-
tion, and reduced serum Ig titers against STAg. Indeed, lym-
phocytes from uninfected mice also show increased Thl and
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decreased Th2 cytokine production. Thus, as in XLP, immune
dysfunction can occur independent of viral infection.

The altered cytokine production observed in these mice
suggests that misregulation of Thl and Th2 responses may
contribute to the phenotype of XLP. The role of cytokines in
XLP is unclear, although changes in Ig isotype profiles in some
XLP patients before EBV infection suggests that cytokine-
mediated regulation of class switching might be altered (22). Our
findings suggest that mutation of SAP leads to a Th1 skewing of
cytokine production both in vitro and, importantly, in vivo, as
evidenced by the decreased serum IgE in uninfected mice.
Furthermore, the observation that SAP~ cells respond to both
Th1 and Th2 polarizing conditions suggests that the defects in
SAP~ cells are due to altered patterns of primary cytokine
secretion, not differences in cytokine responsiveness. It is inter-
esting to speculate that such altered cytokine patterns may lead
to a more cellular immune response at the expense of humoral
mediated immunity. Indeed, reductions in Ig secretion have been
observed from XLP B cell lymphoblastoid lines cocultured with
autologous T cells (32), suggesting roles for secreted factors
and/or cellular interactions in this abnormal response. The
notion that cellular interactions are important for XLP may also
be consistent with the differences we observe in proliferation
between anti-CD3-stimulated splenocytes and purified T cells.

The gene responsible for the human disease XLP encodes a
small SH2-containing protein, SAP, with obscure function(s). In
vitro data describe SAP binding to the intracellular domain of a
subset of the CD2 family, including SLAM and 2B4 (7, 8, 33).
Although studies of cells from XLP patients suggest that 2B4-
mediated NK cell cytolytic activity is impaired (15-17, 34),
preliminary evidence suggests this may not be true in the mouse
(D. W. McVicar, M.J.C,, and P.L.S., unpublished observations).
Indeed, SAP™ mice survived early stages of infection with T.
gondii, suggesting that innate immune responses are intact in
these mice. In contrast, we do observe defective T cell responses
to SLAM stimulation. Thus, in the mouse, SLAM may contrib-
ute more to the phenotypes we observe.

SLAM, a costimulatory molecule expressed on T lymphocytes
and activated B cells, may provide a potential link between XLP and
alterations in cytokine production. In addition to increasing T cell
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proliferation, stimulation of T cell clones via SLAM results in
increased production of IFN-vy (19, 20). How loss of SAP affects
signaling from SLAM and other receptors is unclear. Whereas
SAP-deficient cells fail to increase proliferation in response to
SLAM, splenocytes have increased production of IFN-vy, a response
that is normally associated with SLAM engagement. Biochemical
studies argue that SAP binds competitively to the same site on
SLAM as phosphatases SHP-1, SHP-2, and SHIP-1 (7, 13). If SAP
is required to disassociate phosphatases from SLAM for signaling,
loss of SAP may prevent such signals, consistent with our obser-
vation that SAP~ cells do not respond to SLAM engagement.
However, if SLAM functions as a costimulatory molecule by
sequestering inhibitory phosphatases away from antigen receptors,
loss of SAP may result in a constitutive or prolonged signal from
SLAM and potentially amplify TCR signals. Such a model would be
consistent with the increased IFN-vy secretion and increased T cell
responses we observe from CD3-stimulated splenocytes and might
suggest that SAP~ cells function independent of SLAM stimula-
tion. Nonetheless, because SAP is expressed in multiple cell types,
including some B cells (6), and binds to multiple receptors as well
as other signaling molecules, interpretations of these data
are complex and will require additional cellular and biochemical
studies.

The development of mice mutant at the XLP locus may
provide an important tool not only for understanding SAP
function, but also for understanding normal responses to infec-
tion. In particular, our studies raise the possibility that cytokines
may contribute to manifestations of XLP. Whether SAP~ mice
will recapitulate other features of this disease, including devel-
opment of lymphomas, will be of interest for future studies.

Note Added in Proof. After acceptance of this paper, another group also
reported the generation of a SAP-deficient mouse strain (35).
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